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Bend and zipper modelThe insect head is composed of several segments. During embryonic development, the segments fuse to form
a rigid head capsule where obvious segmental boundaries are lacking. Hence, the assignment of regions of
the insect head to speciﬁc segments is hampered, especially with respect to dorsal (vertex) and lateral
(gena) parts. We show that upon Tribolium labial (Tc-lab) knock down, the intercalary segment is deleted
but not transformed. Furthermore, we ﬁnd that the intercalary segment contributes to lateral parts of the
head cuticle in Tribolium. Based on several additional mutant and RNAi phenotypes that interfere with
gnathal segment development, we show that these segments do not contribute to the dorsal head capsule
apart from the dorsal ridge. Opposing the classical view but in line with ﬁndings in the vinegar ﬂy Drosophila
melanogaster and the milkweed bug Oncopeltus fasciatus, we propose a “bend and zipper” model for insect
head capsule formation.
© 2009 Elsevier Inc. All rights reserved.Introduction
The insect head is built by two major parts, each of which is
formed by tissues derived from at least three embryonic segments.
The posterior gnathal region (gnathocephalon) comprises three
segments that bear the mouthparts, namely, the labial (lb), maxillary
(mx), and mandibular (md) (Fig. 1A). The anterior pregnathal region
(procephalon) is composed of the intercalary segment (ic), the
antennal (ant), the ocular segments (oc), and other preantennal
tissues (Rogers and Kaufman, 1996, 1997; Snodgrass, 1935).
However, the overall number of segments in the pregnathal region
is controversial, since the presence of a labral segment remains
disputed (Budd, 2002; Haas et al., 2001a,b; Rempel, 1975; Rogers and
Kaufman, 1996; Schmidt-Ott et al., 1994; Scholtz and Edgecombe,
2006). As alternatives, it has been proposed that the labrum
represents a non-segmental appendage (Posnien et al., 2009a) or
that it is the appendage of the intercalary segment (Haas et al.,
2001a,b; Scholtz and Edgecombe, 2006). The latter view has been
criticized based on the ﬁnding that crustaceans have a fully
developed appendage on the homologous segment (second antennal
segment) as well as a labrum (Scholtz and Edgecombe, 2006).us-von-Liebig-Weg 11, 37077
cher).
ll rights reserved.While the parasegmental boundaries of arthropods (except for the
disputed labral segment) are clearly deﬁned in the embryo by
adjacent expression of engrailed and wingless, it remains unclear
where these borders are located in the fully developed head. Classical
morphological studies suggest that the postoccipital suture (a
cuticular inﬂection close to the posterior margin of the head)
represents the maxillary–labial segment boundary. Hence, the labial
andmaxillary segments are proposed to contribute to the dorsal head.
Analogous to the situation in trunk segments, it has been suggested
that the more anterior head segments contribute similarly to the
dorsal head, although no clear evidence has been put forward to
support this view (Fig. 1B) (Bucher and Wimmer, 2005; Snodgrass,
1935;Weber, 1966). Another open question is the development of the
position of the gnathal appendages: during early embryonic develop-
ment of insects, the gnathal segments and their appendages are
formed in a linear series similar to the more posterior trunk segments
(Fig. 1A). Later, however, they end up surrounding themouth opening
(Fig. 1B), which suggests extensive morphogenetic movements
involving the migration of the mouthparts to the anterior. Both
these morphogenetic movements and the formation of the dorsal
head capsule of the ﬁrst larval instar have remained enigmatic.
Embryonic pattern formation is best understood in Drosophila
melanogaster. The patterning of the maxillary and labial segments
occurs through the same segmentation cascade as in the trunk
involving maternal morphogens, gap-, pair-rule and segment polarity
genes (Nakano et al., 1989; Pankratz and Jackle, 1990; St Johnston and
Nusslein-Volhard, 1992). Segment identity is speciﬁed by the action of
Fig. 1. Contribution of head segments to lateral and dorsal portions of the insect head—opposing views based on morphological data and Drosophila work. (A) In the embryo, the
segments of the gnathocephalon (labial, maxillary, mandibular segments) are established similar to the more posterior trunk segments. The procephalon is composed of the
intercalary and antennal segments and the preantennal region including the ocular segment and the labrum. In insects, the intercalary segment lacks appendages. (B) Morphological
and molecular data conﬁrm that the labial and maxillary segments contribute to the dorsal portion of the posterior head (dorsal ridge). The segment boundary between these
segments is morphologically visible in adult heads (postoccipital suture). All other head sutures most likely do not reﬂect segment boundaries. Therefore, the depicted contribution
of the more anterior segments to the dorsum of the head is speculative. Taken from Snodgrass (1935) and Weber (1966) with minor modiﬁcations: the antennal segment has been
included as bona ﬁde segment (in contrast to Snodgrass) and the disputed nonsegmental acron and/or labral segment are not depicted (in contrast to Weber). (C) An alternative
model that does not invoke dorsal closure movements of the anterior head segments. This view is based on engrailed stainings in Drosophila and Oncopeltus and the phenotype of
Drosophila head segments that have been partially transformed into abdominal identity by ectopic Ubx expression (Rogers and Kaufman, 1996). Schematically depicted is the cuticle
shown in Rogers and Kaufman (1996) with the grey boundaries representing the engrailed staining. The separation of the antennal and ocular regions is arbitrary. All remaining
anterior tissues have been assigned to the clypeolabral anlagen. The contribution of labial tissue posterior to the dorsal ridge engrailed stripe is based on Tc-scr expression posterior
to this stripe (Shippy et al., 2006).
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1994; Lewis, 1978; McGinnis and Krumlauf, 1992). Also in Tribolium,
the formation of gnathal segments and the speciﬁcation of their
identity appear to rely on the same mechanisms as in the trunk
(Beeman et al., 1993; Brown et al., 2002; Choe and Brown, 2007; Choe
et al., 2006; Maderspacher et al., 1998; Tomoyasu et al., 2005). In
contrast, the pregnathal region is patterned differently, e.g., without
pair-rule function. In Drosophila, a set of head gap genes is required
for proper pregnathal segment polarity gene expression (Cohen and
Jurgens, 1990; Crozatier et al., 1999; Grossniklaus et al., 1994;
Wimmer et al., 1993, 1997). The identity of these segments is
speciﬁed largely independently from HOX genes, since the intercalary
is the anterior-most segment expressing a HOX cluster gene, the Hox1
ortholog labial (Merrill et al., 1989; Nielsen, 2001).
Molecular studies designed how the dorsal head is formed in
Drosophila have been hampered by the extensive morphogenetic
movements and reductions associated with head involution, whereby
the larval head becomes internalized into the thorax (Akam, 1989;
Jurgens et al., 1986; VanHook and Letsou, 2008; Younossi-Hartenstein
et al., 1997). Experiments based on ectopic Dm-Ultrabithorax (Ubx)
expression in Drosophila indicate that segments anterior to the
maxillary segment do not undergo dorsal closure. Actually, the border
between the head and the thorax, the Dorsal Ridge (Dr I), which is
composed of parts of the labial and maxillary segments, is thought to
be the anterior-most tissue capable of adapting a dorsal identity by
means of dorsal closure movements (Gonzalez-Reyes and Morata,
1991; Rogers and Kaufman, 1996, 1997). How then is the dorsal head
cuticle formed? Rogers and Kaufman (1996) suggest that the dorsal
cells of maxillary, mandibular, intercalary, and antennal segments
(Dorsal Ridge II; Dr II) fold to join the Dr I and thus close the cephalic
region. This leads to an arrangement in which ocular and antennal
tissues end up dorsal to intercalary and mandibular tissues (Fig. 1C)
(Rogers and Kaufman, 1996). This view is different from the classical
model (Fig. 1B), but it is largely based on a rather artiﬁcial situation,
where the embryonic head segments have been homeotically
transformed to abdominal identity by misexpression of the Hox
gene Ubx. These transformed segments behave—at least in part—like
abdominal segments, and hence, they do not undergo head involution
but form denticle belts like abdominal segments. These have been
used to infer the location of segmental boundaries (Fig. 1C).It remains unclear which tissues form the dorsal or lateral
portions of the head capsule in a typical insect head. This is
especially true with respect to the contribution of the intercalary
segment to the larval cuticle, since it has no landmarks, e.g.,
appendages that can be followed throughout development. Also
the function of labial is difﬁcult to analyze because in Drosophila
labial mutants, head involution is defective leading to several
secondary defects, which obscure any direct effects (Merrill et al.,
1989). It has been suggested, though, that the intercalary segment
contributes to lateral and ventral regions of the larval pharynx
(Rogers and Kaufman, 1997). Also the embryonic hypopharyngeal
lobes have been assigned to the intercalary segment; however, a
mandibular origin has also been suggested (Economou and Telford,
2009; Mohler et al., 1995). RNAi experiments in the milkweed bug
Oncopeltus fasciatus with its non-involuted head have not revealed
any phenotype (Angelini et al., 2005).
In order to discover the contribution of the intercalary and
gnathal segments to the insect head, we have analyzed the red ﬂour
beetle Tribolium castaneum. Tribolium larvae have a fully developed
head and well-formed external mouthparts (Bucher and Wimmer,
2005). Furthermore, a detailed map of bristles of the ﬁrst larval instar
head provides landmarks for mapping patterning defects in dorsal
and lateral portions of the head (Schinko et al., 2008). Extensive
work has been done on Tribolium Hox gene function both using
mutants and RNAi knock down analysis (Brown et al., 2000, 2002;
Curtis et al., 2001; DeCamillis and ffrench-Constant, 2003; DeCamillis
et al., 2001; Denell et al., 1996; Shippy et al., 2006, 2008a; Tomoyasu
et al., 2005) including the analysis of a deletion mutant removing
most of the Hox cluster but leaving Tc-labial intact (Beeman et al.,
1989; Stuart et al., 1991). Unfortunately, a mutant defective at the
Tc-labial locus has not been available. Hence, to our knowledge, no
Tc-labial phenotype has been described for any arthropod except
for Drosophila.
In this study, we ﬁnd that RNAi against the Hox1 ortholog Tc-labial
leads to the deletion of the intercalary segment in the embryo and of
lateral portions of the head cuticle. Mutant and RNAi phenotypes of
pair-rule and gap genes that interfere with gnathal segment
development suggest that the gnathal segments do not signiﬁcantly
contribute to the dorsal head capsule. Finally, we propose a “bend and
zipper” model of how the insect head capsule is formed.
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RNAi/Mutants
Parental RNAi was performed following published protocols
(Bucher et al., 2002; Posnien et al., 2009b; Schinko et al., 2008). A
1080-bp fragment of Tc-labial was used to synthesize dsRNA. Two to
four micrograms per microliter dsRNA was injected into pupae. As a
control for efﬁciency, we stained wt and Tc-lab RNAi embryos with a
mix of probes against Tc-caudal and Tc-lab transcripts. The RNAi
embryos showed normal Tc-cad staining but a strong reduction of
Tc-lab transcript level and in a small fraction Tc-lab staining was
not detectable at all. In order to control for off target effects, we did
a blast-n of the Tc-labial sequence against the genome, which
revealed 3 sequence stretches with N21 bases with identity to other
regions of the genome. Two of them hit exons of annotated genes
(Tc000912 (Antennapedia) and Tc007577 (caudal-2)). In order to
control for potential off target effects, we separately injected dsRNA
of two non-overlapping fragments of the Tc-lab transcript (532 bp
containing all three off target sequences, conc: 3 μg/μl; 534 bp no off-
target sequence, conc: 2 μg/μl). Both fragments produced the same
phenotype as RNAi against the entire fragment conﬁrming speciﬁcity.
The fragment sizes of Tc-gt and Tc-Kr were 909 and 700 bp,
respectively. The injected concentration was 1 μg/μl. The Tc-slpicy
(Tc-sloppy paired) and Tc-prdscy (Tc-paired) mutant cuticles were
provided by Martin Klingler.
Whole-mount in situ hybridization
Single (NBT/BCIP) and double in situ stainings (NBT/BCIP and
FastRed or INT/BCIP) were performed as described previously
(Schinko et al., 2009). Staging of the embryos was based on Tc-wg
expression. The stripes of expression were counted starting with the
mandibular, which was designated as one. We excluded the ocular
and antennal Tc-wg domain. Nuclear staining of whole embryos was
performed using alcoholic Fuchsin stain. In order to make the yolk
transparent, the embryoswere dehydrated inMeOH and embedded in
a mixture of benzyl benzoate and benzyl alcohol (4:1) (Yang et al.,
2009). Accession number for Tc-mirror/irx was XM_966583.
Epiﬂuorescent and confocal imaging
Cuticles were documented using a Zeiss LSM 510 as described
(Wohlfrom et al., 2006). Embryos stained with the ﬂuorescent
membrane dye FM1-43 (Molecular Probes) were dissected free
from the yolk and documented with the LSM (Figs. 5G–J). Using a
Zeiss Axioplan microscope and ImagePro software, the DAPI stained
embryo shown (Fig. 5K) was recorded in 40 focal planes. Deconvolu-
tion was performed with the “No Neighbour” method followed by a
maximum projection using ImageJ (version 1.40 g).
Results
Delayed activation of Tc-hh and Tc-wg at the intercalary parasegmental
boundary
We ﬁrst searched for segmentally expressed genes, which mark
different parts of the intercalary segment. We analyzed the expression
of Tc-slp1 (Tc-sloppy paired), Tc-wg (Tc-wingless), Tc-hh (Tc-hedgehog),
and Tc-mirror/irx and the late marker Tc-ey/pax6 (Tc-eyeless) (Choe
and Brown, 2007; Choe et al., 2006; Farzana and Brown, 2008; McNeill
et al., 1997; Moczek and Nagy, 2005). In all segments, the posterior
boundary ismarked by the expression of Tc-hh (Figs. 2C–C″and Fig. 3H;
Farzana and Brown, 2008). Anterior to this and adjacent, Tc-wg is
expressed, although this domain is narrower than that of Tc-hh
(Figs. 2C′–C″ and E′–E″; Nagy and Carroll, 1994). Tc-slp1 expressioncovers the Tc-wg domain but extends both anteriorly and to some
extent also posteriorly, overlapping the anterior-most Tc-hh-
expressing cells (Figs. 2D–D″ and Fig. 3G; Choe et al., 2006).
Anterior to Tc-wg but overlapping slightly, Tc-ey/pax6 is expressed
in the region of the ventral neuroectoderm (Figs. 2F–F″ and 3F)
(Yang et al., 2009). Finally, we ﬁnd Tc-mirror/irx expression at the
anterior boundary of each segment (Figs. 2B–B″ and 3E) as has also
been shown for Drosophila (McNeill et al., 1997). In contrast to
other segments, intercalary Tc-mirror/irx additionally marks median
cells, reaching posteriorly to the mandibular boundary (white
arrowhead in Fig. 3E). The unique morphology of the intercalary
segment is notable: while the posterior border marked by Tc-hh
and Tc-wg is perpendicular to the body axis, the anterior border
marked by Tc-mirror/irx is parallel to the antennal parasegmental
boundary, which is turned outwards with respect to the posterior
trunk segments.
A detailed temporal analysis of the expression of these markers
shows that formation of the intercalary parasegmental boundary is
strongly delayed compared to the adjacent antennal and mandibular
parasegmental boundaries (see Tc-wg, Tc-hh and Tc-slp1 in Fig. 2G).
The Tc-engrailed stripe appears approximately at the same stage as
Tc-hh (Brown et al., 1994). However, the intercalary/mandibular
boundary is preﬁgured early by adjacent expression of Tc-cap
and collar (Tc-cnc) and Tc-labial (Nie et al., 2001) and marked by
Tc-collier/knot (Tc-col) (see Economou and Telford, 2009 for Tc-cnc
and Tc-col expression). This suggests a crucial role of these genes in
intercalary segment formation in Tribolium (Economou and Telford,
2009; Mohler et al., 1995; Seecoomar et al., 2000). Interestingly, the
delay also affects the anterior portion of the mandibular segment as
shown by Tc-mirror/irx expression.
Tc-labial function is required for the formation of lateral parts of the
head cuticle
In order to reveal the contribution of the intercalary segment to
the head cuticle, we investigated Tc-labial expression and function.
Tc-labial is the anterior-most gene of the HOX cluster and its
expression marks the entire intercalary segment in Tribolium
(Figs. 3A–D) (Economou and Telford, 2009; Nie et al., 2001), other
insects and the corresponding second antenna in crustaceans
(Abzhanov and Kaufman, 1999). We have extended the previously
described pattern (Nie et al., 2001) to embryos undergoing germ band
retraction and surprisingly ﬁnd additional expression domains of Tc-
labial outside the intercalary segment, namely, in the roof of the
stomodeum (white arrowhead in Fig. 3D) and the roof of the
proctodeum (not shown). The latter aspect of expression has also
been described in Drosophila. These domains arise de novo during late
embryonic stages. The intercalary domain elongates during germ
band retraction and eventually becomes split into a median domain
and a domain located in the lateral head lobes (black arrow in Fig. 3D).
Assuming that Tc-labial remains expressed in cells derived from the
intercalary segment throughout embryogenesis, it appears that the
domain becomes split by the mandible, which is moving anteriorly
with respect to the stomodeum (white arrow in Fig. 3D points to the
place where mandible touches the thinning Tc-labial domain). In the
latest stainable embryonic stages, the median Tc-labial domain
becomes undetectable.
RNAi-mediated knock down of Tc-labial leads to a loss of a speciﬁc
lateral part of the head cuticle (see methods for controls for efﬁciency
and off target effects). We examined the head bristle pattern on both
sides of 10 RNAi larvae (for a description of the wild-type pattern, see
Schinko et al., 2008). In none of these 20 independently analyzed sides
could we observe any indication for a homeotic transformation.
Rather, a set of head bristles is missing: the posterior gena triplet
bristle (80%), the dorsal gena triplet bristle (20%), the median maxilla
escort bristle (70%), and the posterior maxilla escort bristle (100%)
Fig. 2. Delayed expression of segment polarity genes at the intercalary parasegment boundary. Marker gene expression (blue staining in all pictures) in embryonic heads is shown at
three different time points of development (3–4wg-stripe stage, 5–8wg-stripe stage, and 8–10wg-stripe stage). Anterior is oriented to the top. The counterstaining in red or brown
represents Tc-wg transcripts (except A–A″ and E–E″). (A) The ﬁrst indication of the position of the intercalary segment is indicated by Tc-labial expressing cells at a 3–4 wg-stripe
stage (black arrow). (A′–A″) Tc-labial expression remains in the intercalary segment until germ band elongation (black arrows). (B) At the 3–4 wg-stripe stage, the only segmental
Tc-mirror/irx expression is found in the maxilla (open arrow). (B′) At the 5–6 wg-stripe stage, the ﬁrst sign of intercalary Tc-mirror/irx expression becomes visible (black arrow)
parallel to the antennal Tc-wg stripe (open arrowhead). (B″) The mandibular Tc-mirror/irx expression arises rather late (at the 9 wg-stripe stage, black arrowhead). (C) In early germ
band stages, Tc-hh is expressed in an ocular-antennal stripe (open arrowhead; see also Farzana and Brown, 2008). Slightly later mandibular expression becomes evident (black
arrowhead). (C′–C″) From the 6–7 wg-stripe stage on, Tc-hh transcripts can be detected in the intercalary segment (black arrow) as well as in the adjacent antennal (open
arrowhead) and mandibular segments (black arrowhead). (D) Tc-slp1 is ﬁrst expressed in the head lobes as broad domain that resolves into an antennal expression domain (open
arrowhead). Later, expression in the mandibular segment (black arrowhead; see also Choe and Brown, 2007) andmore posterior segments arise. (D′) At a 7–8wg-stripe stage, weak
Tc-slp1 expression becomes visible in the intercalary segment (black arrow). In the antennal (open arrowhead) and the mandibular segments (black arrowhead), Tc-slp1 is strongly
expressed. (D″) Slightly later the intercalary Tc-slp1 domain becomes clearly visible (black arrow). (E) Tc-wg expression is ﬁrst established in the ocular domain followed by
mandibular (black arrowhead) andmaxillary expression (open arrow). (E′) At the 5–6wg-stripe stage, Tc-wg expression is ﬁrst detected in the antennal segment (open arrowhead).
(E″) Later, at an 8–9 wg-stripe stage, the ﬁrst signs of intercalary Tc-wg expression (black arrow) become evident between the antennal (open arrowhead) and the mandibular
domains (black arrowhead). (F–F′) Throughout the early germ band stages, no segmental Tc-ey/pax6 expression can be detected. (F″) At the 8wg-stripe stage, segmental Tc-ey/pax6
expression is observed in the antennal (open arrowhead), mandibular (black arrowhead), and more posterior segments. The intercalary Tc-ey/pax6 expression (black arrow) is only
slightly delayed compared to the more posterior segments. (G) Schematic representation of the timing of marker gene expression in the antennal, intercalary, mandibular, and
maxillary segments. Note that width and position of the bars reﬂect their location in the embryonic segments. Intercalary Tc-engrailed appears at a stage similar as Tc-hh (7wg-stripe
stage; Brown et al. 1994, not shown). Tc-cnc and Tc-col are based on Economou and Telford (2009).
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but also surrounding tissue, a large portion of the lateral head cuticle
is lost from the head after Tc-labial RNAi (Fig. 4B). The L-/bentYmodel
of insect head formation is based on the hypothesis that the labrum is
the appendage of the intercalary segment (Haas et al., 2001b).
Concerning this matter it is of note that the labrum is not affected in
any cuticle despite apparent loss of the intercalary segment.Knock down of Tc-labial leads to loss of the intercalary segment
In order to understand the genesis of the phenotype of these
larvae, we examined a set of marker genes in the RNAi background.
We concentrated on late elongation stages (between 10 and 14 wg-
stripes) for the spatial analysis because at this stage the intercalary
segment is well established. After knock down of Tc-labial, we ﬁnd a
Fig. 3. Tc-labial RNAi leads to loss of the intercalary segment. (A–D) Expression of Tc-labialmarks the intercalary segment throughout embryonic development. (D) At late stages, this
domain elongates and splits into median triangle shaped stripes and a lateral expression domain (black arrow). The anteriorly migrating mandible is located where the Tc-labial
domain splits (white arrowmarks the mandible and points to the split). In addition, Tc-labial expression arises de novo in the roof of the stomdeum (white arrowhead). (E–H)Wild-
type expression patterns of Tc-mirror/irx (E), Tc-ey/pax6 (F), Tc-slp1 (G), and Tc-hh (H). The white arrow in panel E and the black arrows in panels F–H indicate the respective
intercalary expression. The anterior (left) black arrow in panel Hmarks the expression domain of Tc-wg. (E′–H′) Expression patterns of Tc-mirror/irx (E′), Tc-ey/pax6 (F′), Tc-slp1 (G′),
and Tc-wg/Tc-hh (H′) in Tc-labial RNAi embryos. The black arrows in panels F′–H′ indicate the loss of the respective intercalary expression domain. The anterior (left) black arrow in
panel H′marks the loss of the Tc-wg intercalary domain. (E′) The white arrow indicates the reduced expression domain of anterior intercalary Tc-mirror/irx expression. Note that the
median Tc-mirror/irx domain (white arrowheads) appears to be unaffected after Tc-labial RNAi. Additionally, the mandibular Tc-mirror/irx domain is shifted anteriorly after Tc-labial
RNAi (compare black arrowheads in E and E′). (I) A wild-type head cuticle in a lateral view with the bristle pattern marked by colored lines and triangles according to Schinko et al.
(2008). A setal bristle is located at each angle. The lines and triangles help to identify the setae but do not reﬂectmorphological or developmental units. Purple: “vertex triplet”; green:
“gena triplet”; pink “maxilla escort”; blue: “labrum quartet”. (I′) Tc-labial RNAi cuticles lack several bristles that mark the lateral portion of the head. Of the three “maxilla escort
bristles” (see Fig. 4A), only one is left after RNAi (pink arrow). The same is true for the “gena triplet” (the green arrow points to the remaining bristle). This result is also schematically
depicted in Fig. 4B. (J) Schematic representation of the Tc-labial RNAi results. The region, which is lost after Tc-labial RNAi, is marked in brown color in thewild type. The hatched lines
correspond to parasegmental boundaries. Named are the segments they mainly contribute to. See Fig. 2G for more details. oc: Ocular region, ant: antennal, ic: intercalary, md-
mandibular, mx: maxillary parasegmental boundaries, respectively.
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expression (compare black arrows in Figs. 3F–H to F′–H′). For the
marker Tc-mirror/irx, two expression domains have to be discussed
separately. The strength and the position of one expression domain
relative to the anteriorly adjacent Tc-wg stripe are similar to the
expression in all other trunk segments (compare domainmarkedwith
a white arrow with mandibular expression marked by a black
arrowhead in Fig. 3E). Hence, this domain probably corresponds to
the anterior region of the intercalary segment. This aspect of Tc-
mirror/irx expression is strongly reduced in extension and intensity in
Tc-labial RNAi (compare white arrows in Figs. 3E to E′). The second
aspect of expression marks median tissue in the region of the
intercalary segment but not in the trunk segments (white arrowheadin Fig. 3E). This domain appears not to be strongly affected (compare
white arrowheads in Figs. 3E and E′). Interestingly, this domain is
located at a position where Tc-labial is not expressed (compare to
Fig. 3C) and it may, hence, not be part of the intercalary segment. In
compliance with the loss of marker gene expression throughout the
intercalary segment, the mandibular Tc-mirror/irx domain is shifted
anteriorly after RNAi and touches the median domain (black arrow-
heads in Figs. 3E and E′). The antennal andmandibular parasegmental
boundaries appear not to be affected by Tc-labial knock down. In
conclusion, our data show that the knock down of Tc-labial leads to
the loss of most of the intercalary segment as well as parts of the
lateral head cuticle, rather than a transformation (summarized in
Figs. 3J and 4B).
Fig. 4. Deletions of the head cuticle in mutants and RNAi phenotypes. The segmental
deletions (red) and transformations (dark yellow) in the L1 cuticle are shown
schematically (see supplementary Fig. 1 for cuticles). (A) The wild-type bristle pattern
with long setae (black lines) and short bristles (dots). The names of the setae/bristles
mentioned in this work are indicated. In addition to the pattern described previously
(Schinko et al., 2008), the “dorsal ridge row” has been added, which is located posterior
to the “neck” of the head. (B) In Tc-labial RNAi embryos, the intercalary segment is
deleted. In the L1 head cuticle, lateral parts are missing. (C) In Tc-prdscy mutants,
mandible and labium are deleted. All head bristles are present except for the gena
bristle and the posterior maxilla escort seta. The dorsal ridge row setae are deleted
except for the ventral most seta. (D) In Tc-slpicy mutants, the mandible and maxilla are
deleted as well as the gena bristle and most dorsal ridge row bristles. Maxilla escort
setae are deranged (not shown). (E) In Tc-Krüppel RNAi embryos, the thoracic
segments are transformed to alternating maxilla and labium. The dorsal cuticle of these
embryos displays one bristle row similar to the dorsal ridge row pattern on each
maxilla/labium pair. (F) In Tc-giant RNAi embryos, the maxillary and labial segments
are transformed to thoracic segments. Their dorsal cuticle lacks the dorsal ridge row
bristles except for the most ventral one. (G) In Tc-ems RNAi phenotypes part of the
antennal segment is deleted. In the cuticle, an elongated region including the eyes is
affected. (H) The region most sensitive to Tc-Otd1 depletion is located posterior to the
Tc-ems region (Tc-ems and Tc-otd1 data are taken from Schinko et al., 2008).
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Our results are not in line with the classical model where the
lateral head cuticle should be formed by the gnathal segments
(Fig. 1B). Therefore, we wanted to further test for the contribution
of gnathal segments to the dorsal and lateral head. We ﬁrst scored
the head bristle pattern in pair-rule mutants where every other
segment is deleted during early embryogenesis (Maderspacher
et al., 1998). Tc-scy phenotypes (probably a Tc-paired mutant,
hence called Tc-prdscy in the following) (Choe and Brown, 2007)lack the mandible, labium, second thoracic (T2), and every other
segment in the abdomen (Fig. 4C). However, some individuals display
a labiumor remnants of it (Maderspacher et al., 1998). All head bristles
are present in all cuticles scored with two exceptions: the gena bristle
is absent or disturbed in 64% of the cuticles while the posterior most
bristle of themaxilla escort is affected in 14% (Figure S1 and Fig. 4C). In
Tc-icy (a putative Tc-sloppy paired allele, hence, we will use the
nomenclature Tc-slpicy) (Choe and Brown, 2007) the mandible,
maxilla, T1, T3, and every other segment in the abdomen are missing
(Fig. 4D). The labium is deleted in a small portion of Tc-slpicy
phenotypes. Again, all head bristles are present with the exception
of the gena bristle, which is affected in 67% of all cuticles. In addition
wenote that themaxilla escort setae are deranged (but present) in 66%
of the cuticles. Since the gena bristle and the mandibles are missing in
bothmutants, it is possible that themandibular segment contributes to
this region. Inconsistent with this interpretation, this bristle is also
missing in Tc-ems RNAi phenotypes where the antennal segment is
affected but not the mandibular segment (Fig. 4G) (Schinko et al.,
2008). Apart from the missing gena bristle, our data indicate that the
gnathal segments do not signiﬁcantly contribute to either dorsal
(vertex) or lateral (gena) portions of the head.
A bristle row marking the dorsal ridge in Tribolium
Based on morphological data, it has been suggested that the labial
segment contributes to the articulation between head and thorax and
both adjacent tergites (Rogers and Kaufman, 1996; Shippy et al.,
2008b; Snodgrass, 1935; Weber, 1966). More recently, it has been
shown that both the maxillary and labial segments contribute to the
boundary between head and thorax (called dorsal ridge) in Drosophila
and other insects including Tribolium (Beeman et al., 1993; Rogers and
Kaufman, 1996, 1997; Shippy et al., 2006, 2008b; Snodgrass, 1935;
Weber, 1966). Therefore,we scored thepair-rulemutants for defects in
this region andﬁnd that the anterior-most rowof bristles on the thorax
is absent or reduced in 57% (Tc-prdscy) and 89% (Tc-slpicy), respectively
(Table S1 and Figs. 4C and D). Only the ventral most bristle of this row
appears not to be affected. This indicates that this row of bristles is
actually not part of the ﬁrst thoracic segment but of the dorsal ridge.
Hence, we called it “dorsal ridge row”. To further test the hypothesis of
a gnathal rather than thoracic origin of the dorsal ridge row, we
investigated RNAi phenotypes of Tc-Krüppel and Tc-giant. In Tc-Krüppel
knock down animals, the thoracic and some abdominal segments are
transformed to alternating pairs of maxilla and labium (Cerny et al.,
2005). In perfectly transformed segment pairs, we ﬁnd one row of
bristles with the dorsal ridge row pattern on eachmaxilla/labium pair,
respectively. In lesswell-transformed segment pairs, thedorsal aspects
of dorsal ridge row disappear and additional bristles appear that tend
to have similarity to dorsal thoracic bristles (Figure S1 and Fig. 4E). The
complementary transformation of maxilla and labium to thoracic
segments is observed in Tc-giant RNAi embryos. In the animals with
the strongest transformation, the dorsal ridge row bristle row is absent
apart from the ventral most bristle. However, consistent with the
transformation of gnathos to trunk a thoracic bristle pattern is clearly
visible (Figure S1 and Fig. 4F). These data conﬁrm that maxilla and
labium contribute to dorsal tissue posterior to the neck of the insect
head and show that the dorsal ridge is marked by dorsal ridge row
bristles in Tribolium.
Discussion
Tc-labial knock down leads to loss of the intercalary segment rather than
a homeotic transformation
We show that major parts of the embryonic intercalary segment
fail to develop upon knock down of Tc-labial function as indicated by
the loss of Tc-hh, Tc-wg, Tc-slp1, and Tc-ey/pax6 expression. The lack
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domain, which is shifted anteriorly in Tc-labial RNAi embryos. Also
expression of the anterior marker Tc-mirror/irx is reduced at the
anterior parts of the intercalary segment. However, some median
Tc-mirror/irx expression is still observed. Interestingly, Tc-labial
expression does not cover these median tissues at this stage (Figs.
3B and C), which might render them insensitive to Tc-labial RNAi. An
alternative explanation is that this aspect of Tc-mirror/irx expression
depends on signals that emanate from the adjacent stomodeum,which
is unaltered in its expression of the morphogens Tc-wg and Tc-hh. In
this scenario, this aspect of Tc-mirror/irx expression would be
independent from intercalary signals.
labial belongs to the group of homeotic selector genes (HOX),
which specify the identity of speciﬁc body regions in all animals,
including the insects Drosophila (Lawrence and Morata, 1994; Lewis,
1978; McGinnis and Krumlauf, 1992) and Tribolium (Beeman et al.,
1993; Brown et al., 2002; Tomoyasu et al., 2005). Typically,members of
the highly conserved HOX gene cluster show different levels of
segmental transformations upon loss of functionor gainof function in a
wide array of arthropods (Akam, 1998; Angelini et al., 2005; Copf et al.,
2006; Hughes and Kaufman, 2000). An exception is Drosophila labial
mutants, which do not show transformations but head involution
defects, which make interpretation difﬁcult (Akam, 1989; Jurgens et
al., 1986; Merrill et al., 1989). The loss of several cuticular structures in
the larval headwas thought to arisemostly secondarily as consequence
of defective head involution. Two defects, however, correlate with
embryonic labial expression: ﬁrst, the fusion of the mandibular/
maxillary lobe with the procephalic lobe does not occur. Second, labial
expressing cells in the procephalic lobe fail to assimilate into the dorsal
pouch (Merrill et al., 1989). In light of our ﬁndings, the former
phenotype couldwell be due to a loss of intercalary tissues between the
mandibular/maxillary and the procephalic lobes. This would lead to
the lack of fusion and the observed enlarged distance of these lobes
(see Fig. 3B in Merrill et al. 1989). The similarity in both insects
suggests that establishment and/or maintenance of the intercalary
segment might be a conserved function of labial within insects.
Different patterning mechanism in the intercalary segment
The onlyHOXgene expressed in the pregnathal head region is labial.
This region is patterned differently from the trunk (Cohen and Jurgens,
1990; Crozatier et al., 1999) and the segment polarity genes show
different interactions in each of the pregnathal segments (Gallitano-
Mendel and Finkelstein, 1997). Our temporal expression analysis in
Tribolium embryos shows that the intercalary parasegmental boundary
is established only late during germbandelongation (Fig. 2),which is in
accordancewith data in other insects (Rogers and Kaufman, 1996). Our
analysis also shows that Tc-labial is expressed in early germband stages
(3–4 wg-stripe stage) long before the ﬁrst segmental marker becomes
evident at a 6–7 wg-stripe stage (Tc-mirror/irx, Figs. 2B′ and G). The
other segmental markers are even more “delayed” (Fig. 2G). This
implies that Tc-labial operates in a tissue, which is, in terms of
parasegmental organization, still unspeciﬁed. Interestingly, not only
the intercalary parasegmental boundary but also adjacent portions of
the mandibular parasegment lag behind. Mandibular Tc-mirror/irx
expression is ﬁrst observed in a 9–10 wg-stripe stage while the
posterior compartment of themandibular segment is establishedmuch
earlier—actually, it is the ﬁrst parasegmental boundary to be speciﬁed
(Figs. 2C and D). Apparently, the expression of the parasegmental
morphogens hh and wg may be required for patterning the anterior
mandibular segment.
The intercalary segment is required for lateral parts of the head
We show that an intact intercalary segment is required for the
formation of lateral head cuticle (gena). This is consistent with theanalysis of temperature sensitive labial alleles in adult ﬂies, which are
associated with defects in the postgena of adult ﬂies (Merrill et al.,
1989). The unexpected lateral location can probably be explained in
the light of the drastic morphogenetic movements during head
formation: in early embryonic development, the gnathal mouthparts
are speciﬁed well posterior to the mouth opening but later migrate
towards anterior to end up in a circle around the mouth (Rogers and
Kaufman, 1997; Snodgrass, 1935; Weber, 1966) (Figs. 1A and B). The
intercalary segment initially separates gnathal appendages from the
mouth opening and, hence, it must somehow be bypassed during the
anterior movement of the mouthparts. Our results indicate that the
appendages split the intercalary segment and push parts of it laterally
(see arrows in Fig. 5L). This is supported by the expression of Tc-labial
in late embryos: the initially contiguous Tc-labial domains of both
sides become separated where the anterior moving mandibles are
located at that stage. This is in line with the hypothesis that the
forward moving mandibles bisect the Tc-labial domain (Fig. 3D). This
conclusion is based on the assumption that the expression of Tc-labial
does not migrate over tissues, i.e., the observed split of Tc-labial
expression reﬂects the split of intercalary tissues and that the
cuticular defects are not due to secondary effects. The contribution
of the median domain of the split Tc-labial expression to the head
epidermis remains unclear. It could be involved in tritocerebrum
formation as in Drosophila (Hirth et al., 2001) and could contribute to
the posterior part of the preoral cavity.
A row of bristles marks the dorsal ridge in Tribolium
In Drosophila, the maxillary and labial segments are involved in
dorsal ridge development (Gorman and Kaufman, 1995; Rogers and
Kaufman, 1996, 1997) and the same is true for Tribolium (Shippy
et al., 2006). Moreover, the expression of Tc-Deformed in parts of the
dorsal ridge suggests a contribution of the maxillary segment (Brown
et al., 1999). Our data are in line with the hypothesis of these authors
that both the maxillary and labial segments are involved in dorsal
ridge formation in Tribolium. Moreover, we identify the “dorsal ridge
row” of bristles as a marker for parts of the Tribolium dorsal ridge.
Since the ventral-most seta of this row was not deleted in the
mutants and Tc-giant RNAi phenotypes, we cannot be sure whether
this seta does not derive from maxillary/labial segments or if mutant
and RNAi phenotypes were not penetrant enough to delete the row
entirely. We note, however, that this bristle is formed ectopically in
Tc-Kr RNAi cuticles. Further conﬁrmation comes from previously
published Tc-scrcephalothrax mutants that show embryonic and larval
dorsal ridge defects (e.g., CxE; Shippy et al., 2006). On the specimens
shown in Shippy et al. (2006), the dorsal ridge row is indeed missing.
As this region is lying behind the “neck” and forms a morphological
unit with the ﬁrst thoracic segment, this allocation was not predicted
but will be a valuable marker for studying development of dorsal
ridge morphogenesis in the future. Apparently, the formation of the
“neck” region of the insect head by a fusion of the labial and
maxillary segments by dorsal closure movements is a conserved
feature in insects as suggested by classical morphological work
(Snodgrass, 1935; Weber, 1966) and molecular comparative work in
Oncopeltus (Rogers and Kaufman, 1996).
A “bend and zipper” model for head capsule formation
Assumptions on how the anterior dorsal head capsule (vertex) is
formed have been based either on analogy with the trunk (Snodgrass,
1935; Weber, 1966) or on functional data mainly from Drosophila
(Rogers and Kaufman, 1996) (Figs. 1B and C). The latter organism,
however, has a derived mode of head development (head involution)
and conclusions based on the homeotic transformation of head into
trunk segments have to be interpreted with some caution as these
transformed segments represent an artiﬁcial situation. In the following,
Fig. 5. Dorsal bend and zipper model of head formation. (A, B) Young germ bands undergoing involution. Panel B shows a lateral view of the embryo shown in panel A. In these early
stages of embryogenesis, the anterior extreme of the germ band is oriented anteriorly with respect to the anterior–posterior axis of the egg (marked by an arrow in this and other
panels). (C) During germ band elongation, the head becomes displaced towards anterior and gets deﬂected. The anterior extreme is now oriented dorsal with respect to the axis of
the egg. (D–F) The dorsal bend remains for the remainder of embryogenesis. Shown for a fully elongated embryo (D), a germ band retracting embryo (E), and an embryo initiating
dorsal closure (F). (G–J) Confocal images of embryonic heads stained with a membrane marker. Panels G–I are fully elongated germ bands (comparable to D), panel J is an embryo
starting dorsal closure (comparable to F). (G) This head has been ﬂattened such that the embryonic anterior extreme is oriented along the body axis (ventrolateral view). (H) The
natural position of such a head within the egg, however, is marked by a dorsal bend. (I) The same stage shown from a slightly posterior view showing left and right head lobes (white
stars) and the median stomodeal anlagen (black star). (J, K) Closure of the dorsal head via zippering of head lobe tissues. (J) Dorsal view of an embryo initiating dorsal closure. Left
and right head lobes (black stars) become juxtaposed dorsal to the labrum (L). (K) Subsequently, both head lobes fuse zipper-like from anterior to posterior (compare arrowheads in
J with K). (L, M) Schematic representation of the “bend and zipper”model. (L) The segments of the embryo are color coded and Tc-wingless expression in the appendages is shown as
blue lines. The gnathal appendages are speciﬁed well posterior to the stomodeum. Later, however, they encircle the mouth opening, which requires migration towards anterior. Our
ﬁndings indicate that during this migration, the gnathal appendages bisect the intercalary segment and push one portion outwards. This is conﬁrmed by the location of the anterior
migratingmandible at the region where the Tc-labial expression becomes split (Fig. 3D). The hypothetical line of migration is indicated by arrows. (M) The contribution of embryonic
tissues to the insect head is shown in the same color code. Where tissues are predicted to be in contact in both the embryo and the larval head, the borders have been marked with
solid lines in different colors in both panels L and M. Where the line of contact is based on corollaries of our model, the borders are hatched and white tissues are left free to indicate
the uncertainty regarding the actual extension of the respective tissues. (N) Different axes are shown schematically. In early stages of embryogenesis, the embryonic axis is oriented
parallel to the egg axis (compare to A, B). Later, the embryonic axis becomes bent upwards leading to a deviation from the body axes (compare to C). The bent embryonic axis
corresponds to the neuroaxis. The neuromers of the CNS are shown along the bent embryonic/neuroaxis, the color code indicates their segment of origin. P: protocerebrum
(preantennal) D: deutocerebrum (antennal) T: tritocerebrum (intercalary), SG: subesophageal ganglion (mandibular, maxillary and labial), TG: trunk ganglia.
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with its more typical mode of insect head development. We ﬁnd that
neither the mandibular (Tc-slpicy and Tc-prdscy), intercalary (Tc-labial),
or antennal segments (Tc-ems (Schinko et al., 2008)) contribute
signiﬁcantly to the dorsal-most cephalic tissue. Rather, the vertex
appears to be formed by the preantennal tissues. In early embryo-
genesis, these tissues (i.e., the anterior portion of the head lobes) are
located in an anterior position with respect to the embryonic anterior–
posterior axis (see arrowhead in Figs. 5A and B). Later, however, the
anterior tip is bent upwards (see arrowhead in Figs. 5C–F). Contrary to
the posterior trunk,which retracts back to a posterior location, the head
lobes remain bent upwards (Figs. 5D–F). Subsequently, the head lobes
get in contact dorsal to the labrum and then fuse in a zipper-like
manner from anterior to posterior. This fusion thus closes the dorsal
head with preantennal tissue (compare black arrowheads in Fig. 5Jwith K). At a similar time as the trunk segments, the dorsal ridge
formed by the dorsally fused maxillary and labial segments undergoes
dorsal closure movements to form the dorsal neck region of the head.
We suggest calling this model of insect head formation the “bend and
zipper” model.
This model leads to an arrangement of head tissues (Fig. 5M),
which is surprisingly similar to the situation of a Drosophila larval
head, which has been partially transformed to abdominal identity by
ectopic Ubx expression (Rogers and Kaufman, 1996) (Fig. 1C). Our
model is similar to the L-/bentY model with respect to the upward
bend (Haas et al., 2001b). Also, both models propose that the labrum
is the anterior-most structure of the larval head. However, we ﬁnd
that loss of the intercalary segment does not affect the labrum, which
is at odds with the assumption of the L-/bentY model that these
tissues (together with the stomodeum) form one segmental unit.
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several observations: ﬁrst, morphological studies have not been able
to identify segment boundaries in the vertex apart from the
postoccipital suture, which is probably formed by the dorsal ridge
(Bucher and Wimmer, 2005; Rogers and Kaufman, 1996; Snodgrass,
1935; Weber, 1966). Our model conﬁrms these ﬁndings and suggests
that an expectation of such sutures was unwarranted. The model also
explains why defects in Tc-ems RNAi embryos (affecting the antennal
segment) are located ”anterior” to defects elicited by Tc-Otd1 RNAi
(affecting preantennal tissues) (Schinko et al., 2008). Similarly, it
explains why insect compound eyes are usually found posterior or
dorsal to the antennae although their anlagen are located in
embryonic preantennal tissue. It also resolves why the so-called
neuraxis (the axis that describes anterior with respect to the nervous
system) is turned by 90° with respect to the body axis: in light of our
model, the brain structures that are anterior with respect to the
neuraxis (proto- and deutocerebrum, see Fig. 5N) are bent the same
way as the corresponding ectoderm from which they are derived
(preantennal and antennal tissues, respectively) (Fig. 5M). Finally, our
model is in agreement with the suggestion that anterior segments do
not contribute dorsal tissue (Rogers and Kaufman, 1996). Indeed,
ventralized Tribolium embryos show enlarged head anlagen while
dorsalized embryos lose them (van der Zee et al., 2006). The topology
described here will help to identify mutants and RNAi phenotypes
that affect the preantennal tissues by screening the dorsal cuticle
rather than the region anterior to the antenna (with respect to the
body axis). Also screens for patterning defects in the intercalary
segment are now feasible because of the markers identiﬁed in this
study. The process of head development in Tribolium, which is typical
of most insects, suggests that insights provided here should also hold
true for insects in general.
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